Conversion of components of the Thermobifida fusca free-enzyme system to the cellulosomal mode using the designer cellulosome approach can be employed to discover the properties and inherent advantages of the cellulosome system. In this article, we describe the conversion of the T. fusca xylanases Xyn11A and Xyn10B and their synergistic interaction in the free state or within designer cellulosome complexes in order to enhance specific degradation of hatched wheat straw as a model for a complex cellulosic substrate. Endoglucanase Cel5A from the same bacterium and its recombinant dockerin-containing chimera were also studied for their combined effect, together with the xylanases, on straw degradation. Synergism was demonstrated when Xyn11A was combined with Xyn10B and/or Cel5A, and ϳ1.5-fold activity enhancements were achieved by the designer cellulosome complexes compared to the free wild-type enzymes. These improvements in activity were due to both substrate-targeting and proximity effects among the enzymes contained in the designer cellulosome complexes. The intrinsic cellulose/xylan-binding module (XBM) of Xyn11A appeared to be essential for efficient substrate degradation. Indeed, only designer cellulosomes in which the XBM was maintained as a component of Xyn11A achieved marked enhancement in activity compared to the combination of wild-type enzymes. Moreover, integration of the XBM in designer cellulosomes via a dockerin module (separate from the Xyn11A catalytic module) failed to enhance activity, suggesting a role in orienting the parent xylanase toward its preferred polysaccharide component of the complex wheat straw substrate. The results provide novel mechanistic insight into the synergistic activity of designer cellulosome components on natural plant cell wall substrates.
Thermobifida fusca is an aerobic thermophilic soil bacterium with strong cellulolytic activity (52) . The T. fusca enzyme system is an extensively studied free cellulase system in which nearly all of the cellulolytic enzymes have been fully characterized, from the individual enzyme sequences to the threedimensional structures, as well as the biochemical activities of the native and recombinant proteins. The genome sequence has been published (36) , and the number and types of carbohydrate-active enzymes produced by the organism are known. This actinomycete produces six different cellulases that have been well studied (29, 31, 32, 50, 52) . T. fusca also has the ability to grow on xylan and produces several enzymes involved in xylan degradation, such as xylanases, ␤-xylosidase, ␣-L-arabinofuranosidase, and acetylesterases (1, 21) .
Previous research has suggested that the multienzyme cellulosome complex from Clostridium thermocellum is far more efficient than free cellulase systems that were tested in degrading polysaccharides (33) . The cellulosome system is characterized by the strong bimodular interaction between the cohesin and dockerin modules that integrates the various enzymes into the complex (5, 35, 55) . Scaffoldin subunits (nonenzymatic protein components) contain the cohesin modules that incorporate the enzymes into the complex via their resident dockerins. The primary scaffoldin subunit also includes a carbohydrate (cellulose)-binding module (CBM) through which the complex recognizes and binds to the cellulosic substrate (42, 46) .
In order to evaluate the reasons for the apparent advantage of cellulosomes over free enzymes, it is interesting to compare the properties of the best-characterized free-enzyme systems for degradation of polysaccharides with those of the best-studied cellulosome system. We have initiated a program to convert the free-enzyme system of T. fusca into an artificial designer cellulosome (11) (12) (13) . The designer cellulosome concept is based on the very high affinity (20, 44) and specific interaction (37, 43, 55) between a cohesin and a dockerin module from the same species. Since the various scaffoldin-borne cohesins of a given species essentially show the same specificity of binding for the enzyme-borne dockerins, designer cellulosomes are constructed from recombinant chimeric scaffoldins containing divergent cohesins from different species, for which matching dockerin-containing enzyme hybrids are prepared, as a platform for promoting synergistic action among enzyme components (5) . Free cellulases from the T. fusca system were converted to the cellulosomal mode by replacing their native CBM with a desired dockerin module, and in some cases, the resultant "designer cellulosomes" exhibited enhanced synergistic activity on crystalline cellulosic substrates compared to that of the mixture of wild-type enzymes (11) .
In this study, we incorporated xylanolytic enzymes into designer cellulosomes and investigated their hydrolytic effects on purified xylans and on a native, complex cellulosic substrate (hatched wheat straw). We focused on T. fusca xylanases 11A and 10B (Xyn11A and Xyn10B), which are the most abundant xylanases produced during growth on xylan (34) . Xyn11A and Xyn10B function as endoxylanases (28, 34) ; Xyn11A contains a C-terminal family 2 CBM that binds both cellulose and xylan, whereas Xyn10B lacks a CBM. In some experiments, one of the previously converted (dockerin-containing) T. fusca endoglucanases, f-5A (11) , was also introduced into the designer cellulosomes in order to evaluate cooperation between xylanases and cellulases in hydrolysis of a natural substrate. This study contributes primary information concerning a major feature of cellulosomes that had not been suitably addressed in earlier research: although xylanases are integral components of cellulosomes, their synergistic action in the cellulosome mode has yet to be examined experimentally. The xylan-binding CBM (termed XBM for the purposes of this report) was found to contribute to the activity of the parent Xyn11A enzyme.
MATERIALS AND METHODS
The recombinant enzymes and structural proteins (scaffoldins) designed for this study are presented schematically in Fig. 1 .
Cloning. Plasmids encoding the wild-type enzymes pCel5A, pXyn11A, and pXyn10B were cloned as described previously (28, 30, 34) . The recombinant pf-5A was engineered as reported previously (11) .
The 11A-a chimera, i.e., the catalytic module of Xyn11A attached directly to a dockerin from Acetivibrio cellulolyticus ATCC 33288 but lacking the family 2 XBM, was constructed from pXyn11A using primers 5Ј-CTGCCGCTAGCATG CACCATCACCATCACCACGCCGTGACCTCCAACGAGACC-3Ј (NheI site in boldface) and 5Ј-TCCCAAGAGCTCCGTCGAACTAGTGCCACCGCCACC GGGGGGGTTGCC-3Ј (SpeI and SacI sites in boldface) for amplifying the DNA encoding the catalytic module and primers 5Ј-ATGTATACTAGTAAAT TTATATATGGTGATGT-3Ј (SpeI site in boldface) and 5Ј-TACCAAGAGCT CTTATTCTTCTTTCTCTTCAACAG-3Ј (SacI site in boldface) for amplification of the A. cellulolyticus ScaB dockerin DNA. The two modules were ligated (T4 DNA ligase: Fermentas UAB, Vilnius, Lithuania) into NheI-SacI (New England Biolabs Inc., Beverly, MA)-linearized pET21a (Novagen Inc., Madison, WI) to form p11A-a.
Primer 5Ј-TATCCGGAGCTCGTTGGCGCTGCAGGACACCG-3Ј (SacI site in boldface) was used to clone the full-length Xyn11A DNA (together with the forward Xyn11A primer mentioned above), and primers for cloning A. cellulolyticus ScaB dockerin DNA were designed: 5Ј-TTATTCGAGCTCACAGCAACTACAACACC AACTACAACACCAACTACAACACCAACGCCTAAAT-3Ј (SacI site in boldface) and 5Ј-TTATTCGAGCTCACAGCAACTACAACACCAACTACAACACC AACTACAACACCAACGCCTAAAT-3Ј (XhoI site in boldface). The two PCR products were then ligated into NheI-XhoI-linearized pET21a to form p11A-XBM-a.
The DNA encoding C. thermocellum dockerin S (from Cel48S) was amplified from the genomic DNA (strain YS) using primers 5Ј-TTATTCACTAGTACAT ATAAAGTACCTGGTACTCC-3Ј and 5Ј-TTATTCCTCGAGTTAGTTCTTGT ACGGCAATGTATC-3Ј (SpeI and XhoI sites in boldface). The DNA encoding the Xyn10B catalytic module was cloned from the Xyn10B plasmid using primers 5Ј-CATATTGCTAGCCATCACCATCACCATCACGGACCGGTCCACGAC CATCATCCC-3Ј and 5Ј-TTATTCCTCGAGTTATTAACTAGTACAGTGATC GTGCTTGGGGCCC-3Ј (NheI, SpeI, and XhoI sites in boldface). The two modules were then ligated into NheI-XhoI-linearized pET21a to form p10B-t. All constructs were designed to encode an attached His tag for subsequent purification of the gene product.
Scaffoldins were assembled from modules (cohesins, dockerins, and CBM) cloned from different genomic DNAs. The following primers represent the homologous gene sequences only and were used with different restriction sites, either NcoI, KpnI, BamHI, or XhoI, depending on the desired construct. Cohesin F (DNA encoding cohesin 1 from Ruminococcus flavefaciens strain 17 scaffoldin B) was amplified using 5Ј-CGCCGGTGGTTTATCCGCTGTG-3Ј and 5Ј-TTAATGGTGATGGTGATG GTGAACAATGATAGCGCCATCAGT-3Ј. Cohesin A (DNA encoding cohesin 3 from A. cellulolyticus scaffoldin C) was cloned from genomic DNA using 5Ј-ATTT ACAGGTTGACATTGGAAGT-3Ј and 5Ј-GATGCAATTACCTCAATTTTTCC-3Ј. DNA encoding CBM-T from C. thermocellum YS genomic DNA was amplified using 5Ј-GACAAACACACCGACAAACACA-3Ј and 5Ј-CTATATCTCCAACAT TTACTCCAC-3Ј. The different modules were assembled in the linearized pET28a plasmid to form the chimeric scaffoldins.
pScaf ⅐ T, pScaf ⅐ F, and pScaf ⅐ A were cloned as described previously (24) . To form the dockerin-containing pf-XBM, the DNA encoding XBM was amplified from the Xyn11A plasmid using the primers 5Ј-AAATAAGGTACCT ACCAGCGGCGGTGGAAACCCC-3Ј (KpnI site in boldface) and 5Ј-AAATT FIG. 1. Schematic representation of the recombinant proteins used in this study. The source of the representative module (see the key) is indicated. In the shorthand notation for the engineered enzymes, the numbers 5, 10, and 11 refer to the corresponding GH family (GH5, GH10, and GH11) of the catalytic module; uppercase letters (A, F, and T) indicate the source of the cohesin module, and lowercase letters (a, f, and t) indicate the source of the dockerin module.
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ACTCGAGCTAGTTGGCGCTGCAGGACA-3Ј (XhoI site in boldface) and ligated to linearized pET28a, together with the R. flavefaciens ScaB dockerin, cloned from genomic DNA using 5Ј-TGATCCATGGCACACCATCACCATCA CCATGCACCATCACCCGGCACAAAGC-3Ј (BamHI site in boldface) and 5Ј-ATGCTTGGTACCGCTTGAGGAAGTGTGATGAGTTCAA-3Ј (KpnI site in boldface). PCRs were performed using ABgene Reddymix ϫ2 (Advanced Biotechnologies Ltd., Epsom, United Kingdom), and DNA samples were purified using a HiYield Gel/PCR Fragments Extraction Kit (Real Biotech Corporation, RBC, Banqiao City, Taiwan).
Protein expression and purification. Cel5A, Xyn11A, and Xyn10B were prepared as described previously (28, 30, 34) . The f-5A chimera was expressed as reported previously (11) . The 11A-a, 11A-XBM-a, 10B-t, and f-XBM plasmids were expressed in Escherichia coli BL21(DE3) pLysS cells and purified on an Ni-nitrilotriacetic acid (NTA) column (Qiagen Inc., Valencia, CA), as reported previously (13) . Scaffoldins were expressed and purified on phosphoric acidswollen cellulose (7.5 mg ml Ϫ1 , pH 7) (PASC) according to the previously described methodology (24) . The purity of the recombinant proteins was tested by SDS-PAGE on 12% acrylamide gels. The concentration of each purified protein was estimated by absorbance (280 nm) based on the known amino acid composition of the protein using the Protparam tool (http://www.expasy.org/tools /protparam.html). Proteins were stored in 50% (vol/vol) glycerol at Ϫ20°C.
Affinity-based enzyme-linked immunosorbent assay (ELISA). The matching fusion protein procedure of Barak et al. and Caspi et al. (2, 13) was followed to determine cohesin-dockerin specificity.
Binding to insoluble polysaccharides. Insoluble xylan was prepared by boiling oat spelt xylan (Sigma Chemical Co., St. Louis, MO) for 30 min in distilled water and recovering the residue by centrifugation; this was followed by 3 washes with distilled water, and the dry weight was determined. Microcrystalline cellulose (Avicel) was purchased from FMC Biopolymer (Philadelphia, PA). The binding of each protein to insoluble polysaccharides (insoluble xylan from oat spelt and microcrystalline cellulose) was determined qualitatively using SDS-PAGE. Pure protein (10 g for xylan-binding assays and 5 g for cellulose-binding experiments in 50 mM citrate buffer, pH 6.0, 12 mM CaCl 2 , 2 mM EDTA) was mixed with 0.5 mg of insoluble xylan or 10 mg of microcrystalline cellulose in a final volume of 100 l. The tubes were incubated on ice for 1 h with gentle mixing before being centrifuged at 14,000 rpm for 1 min, and the supernatant fluids (containing unbound protein) were carefully removed. The polysaccharide pellet was then washed once by resuspension in 100 l of the same buffer and by centrifugation before resuspension in 60 l of SDS-containing buffer and boiling for 10 min to dissociate any bound protein. Bovine serum albumin (BSA) was used as a negative control to ensure specificity of binding. Bound and unbound fractions were analyzed by SDS-PAGE using a 12% polyacrylamide gel.
Nondenaturating PAGE. To check the full interaction between scaffoldin and enzymes, a differential mobility assay on nondenaturing gels was used. Into a 30-l reaction mixture (15 l of Tris-buffered saline, pH 7.4 [TBS], supplemented with 10 mM CaCl 2 and 0.05% Tween 20), 4 to 8 g of each protein was added in an equimolar manner. The 1.5-ml tubes were incubated for 1.5 h at 37°C. Sample buffer (7.5 l, in the absence of SDS) was added to 15 l of the reaction mixture, and the samples were loaded onto nondenaturating gels (4.3% stacking/9% separating phase). A parallel SDS-PAGE (10%) was performed on the remaining 15-l sample.
Enzymatic activity. Xylanase activity was determined quantitatively by measuring the reducing sugars released from xylan by the dinitrosalicylic acid (DNS) method (22, 39) . A typical assay mixture consisted of 100 l buffer (50 mM citrate buffer, pH 6.0, 12 mM CaCl 2 , 2 mM EDTA) with enzyme (0 to 10 nM). The reaction was started by adding 100 l of 2% xylan (birchwood, beechwood, or oat spelt; Sigma Chemical Co., St. Louis, MO) suspended in 50 mM citrate buffer, pH 6.0, and the reaction was continued for 20 min at 50°C. The reaction was stopped by transferring the tubes to an ice-water bath; 100 l of the supernatant was then added to 150 l DNS reagent, and the tubes were boiled for 10 min, after which the absorbance was measured at 540 nm. Dockerin-containing enzymes were subjected to a 1.5-h incubation (37°C, in the absence of substrate) in the presence of equimolar concentrations of scaffoldin prior to assay.
Hatched wheat straw (0.2 to 0.8 mm), provided by Valagro (Poitiers, France), was treated as described previously (19, 48) : the crude substrate was incubated in distilled water with mild stirring for 3 h at room temperature, vacuum filtered on a 2.7-m glass filter, resuspended in water, and incubated for 16 h with mild stirring at 4°C. The suspension was filtered and washed three times with water, and a sample was dried at 100°C overnight for estimation of the dry weight. The composition of the assay mixture was the same as described above, except that hatched wheat straw was used at a concentration of 3.5 g/liter and the concentration of xylanases was set at 0.3 M or 0.2 M when combined with cellulases.
The reaction mixtures were incubated for 17 h at 50°C. All assays were performed in triplicate.
Sugar identification and analysis. Analysis of sugar content was performed using a high-performance anion-exchange chromatography (HPAEC) system equipped with a PA1 column (Dionex, Sunnyvale, CA). Reaction mixtures were loaded onto the column and eluted with NaOH (200 mM). Sugar concentrations were determined by integration of the chromatographic peaks, based on arabinose, xylose, xylobiose, xylotriose, and cellobiose standards. Low levels of arabinose and xylose were observed in blanks (double-distilled water); these values were deducted in all the samples.
Xylose concentrations were confirmed with a D-xylose assay kit purchased from Megazyme (Wicklow, Ireland), and glucose (absence) was determined using a Glucose Assay Kit GAGO20 (Sigma-Aldrich), according to the manufacturers' instructions.
RESULTS

Construction and expression of recombinant proteins.
The recombinant proteins designed for use in this study are shown schematically in Fig. 1 . Three different T. fusca enzymes were used in the study: two xylanases, Xyn11A and Xyn10B, and the family 5 endoglucanase Cel5A. Cel5A is a typical free (noncellulosomal) enzyme that contains a family 2 cellulose-binding CBM. Xyn11A contains a CBM from the same family that shows binding specificity for both cellulose and xylan. Xyn10B lacks a CBM.
In order to convert these T. fusca enzymes into the cellulosomal mode, each was joined to a dockerin of divergent specificity. Cel5A was the topic of a previous study, and a dockerin from R. flavefaciens was used to replace the CBM of the native enzyme, generating f-5A.
Two recombinant forms of Xyn11A were designed: one, 11A-XBM-a, in which the ScaB dockerin from A. cellulolyticus was appended at the C terminus of the original Xyn11A, thus retaining the original catalytic module and XBM, and a second, 11A-a, in which XBM was replaced by the same A. cellulolyticus dockerin. The resultant fusion protein was identical to 11A-XBM-a but lacked the XBM. 11A-a was employed as a crucial control in this study in order to assay the importance of the XBM module in the enzymatic activity of the enzyme alone or within a complex. XBM alone was also examined for its contribution to activity; therefore, the dockerin of scaffoldin A from R. flavefaciens (14) was fused to the XBM module at the N terminus of the protein.
In order to integrate Xyn10B into an enzymatic complex, the dockerin from the exoglucanase Cel48S of C. thermocellum (51) was fused at its C terminus, resulting in 10B-t.
Scaf⅐AF has two cohesins with divergent specificities, allowing the possibility of binding two different dockerin-containing proteins selectively. The specific modules that comprise the construct are as follows: cohesin 3 from A. cellulolyticus scaffoldin C (designated A) (54); CBM3a from C. thermocellum, which binds strongly to cellulose (42) ; and cohesin 1 from R. flavefaciens scaffoldin B (designated F) (14) . Scaf⅐AF allows the specific incorporation of the previously described enzymes (either 11A-XBM-a or 11A-a and f-5A) and directs the complex to the substrate via the CBM.
Scaf⅐AT also has 2 different cohesins and a cellulose-binding CBM. A. cellulolyticus cohesin (A, as specified above) interacts specifically with enzymes carrying the matching dockerin, i.e., 11A-XBM-a or 11A-a. At the C terminus, T-cohesin 3 from VOL. 76, 2010 XYLANASES AS DESIGNER CELLULOSOME COMPONENTS 3789 the CipA C. thermocellum scaffoldin (55)-binds with the dockerin S-containing enzyme, 10B-t. Another scaffoldin, Scaf ⅐ ATF, was produced and included all three above-described cohesin types, together with the cellulose-binding CBM. This 3-cohesin scaffoldin enabled the integration of the two xylanases, 10B-t and 11A-XBM-a (or 11A-a), and endoglucanase f-5A. All purified recombinant proteins showed a single major band on SDS-PAGE (not shown), and in each case, their mobilities were consistent with their molecular masses.
Affinity-based ELISA. The specificities of the cohesins for the chimeric dockerin-bearing enzymes were examined semiquantitatively by a sensitive enzyme-linked affinity assay in microtiter plates (2) . All of the cohesins in each scaffoldin specifically bound their respective dockerins and did not bind (or bound very poorly) other, nonmatching dockerin-bearing molecules (data not shown). The scaffoldin-borne cohesins bound their matching dockerins just as efficiently as the individual single-cohesin scaffoldins, indicating that the binding capabilities of the scaffoldins were reliable and selective. All specific cohesin-dockerin interactions, for each scaffoldin, were of similar intensities, indicating that similar amounts of protein were bound in each well and suggesting a molar equivalent of a 1:1 scaffoldin (cohesin)/dockerin ratio.
Binding to insoluble polysaccharides. The majority of the family 10B enzyme was able to bind to insoluble xylan (data not shown); this was due to the inherent binding capacity of the catalytic module only, since the protein does not include any XBM. The same result was obtained for 11A-a, in which the XBM module was replaced by the dockerin module; the enzyme was found in both the bound and unbound fractions. The Xyn11A, 11A-XBM-a, and f-XBM proteins were located in the bound fractions, suggesting that the dockerin module in 11A-XBM-a did not disturb the binding function of the XBM and that the XBM alone is able to bind xylan.
Upon mixing the proteins with microcrystalline cellulose, Xyn11A and 11A-XBM-a were found exclusively in the bound fractions; thus, the cellulose-binding ability of the protein is maintained in 11A-XBM-a and has not been affected by the dockerin module. f-XBM was found in approximately equal portions in both fractions, suggesting that the binding function to Avicel reflects the combined action of the entire protein (catalytic module and XBM) and that the lack of the catalytic module results in a weakened ability to bind the substrate. Indeed, 11A-a, which lacks the XBM, was also found in both fractions (the major part was found in the bound fraction), reinforcing the hypothesis that the protein needs its catalytic module, together with its XBM, to achieve full substrate-binding capacity. The Xyn10B and 10B-t enzymes bound cellulose very weakly, indicating a low but measurable cellulose-binding activity associated with the family 10 catalytic module. As expected, more than ϳ95% of the BSA negative control was found in the unbound fraction. These results are in perfect accord with previous publications (28, 34) in which the binding capacities of the wild-type Xyn11A and Xyn10B enzymes were investigated. Xyn11A was found to bind strongly to insoluble xylan and cellulose, and a weak ability to bind insoluble xylan was demonstrated for Xyn10B. In previous experiments with binding to microcrystalline cellulose, Cel5A exhibited an ability to bind to cellulose, whereas f-5A failed to bind cellulose due to a lack of CBM2 (11) .
Nondenaturing PAGE. For each chimeric designer cellulosome, complex formation was tested by nondenaturing PAGE. Denaturing PAGE was used as a control for sample content verification. Stoichiometric mixtures of the enzymes and the scaffoldin resulted in a single band with altered mobility (the band strengthened and shifted), indicating that complete or near-complete complexation was achieved in all cases (an example is given in Fig. 2 ). The stabilities of the complexes were demonstrated after the desired incubation period at 50°C; the designer cellulosomes appeared to be stable at high temperature despite the inclusion of cohesin and dockerin modules derived from mesophilic organisms.
Enzymatic activities on xylans. All recombinant xylanases were tested for xylan degradation on a variety of xylan substrates. Three different substrates were used to test the degradation activities of the transformed xylanases: birchwood xylan, beechwood xylan, and oat spelt xylan. The characteristics (compositions and properties) of xylans from different origins were investigated by Hespell and Cotta in 1995 (26) . Birchwood xylan is more than 90% soluble in water and is composed of a high percentage of neutral sugars (87.7% mainly xylose residues; small amounts of glucose, and traces of arabinose and galactose can be found) and 10.2% hexuronic acids. The ratio of sugars in beechwood xylan is comparable to that in birchwood xylan, but they differ in their relative contents of hexuronic acids (less than 3% is found in beechwood xylan) and in their water solubilities: beechwood xylan is approximatively 95% insoluble in water. Oat spelt xylan is a mixture of a high percentage of xylose (84%) and some arabinose, glucose, and galactose; its water solubility varies greatly depending on the temperature and extent of centrifugation. The family 11A enzymes were more effective in the degradation of xylans than the family 10B enzymes. On each substrate, the enzymatic activities of the wild-type family 11 enzyme and its derivatives were Table 1 summarizes the specific activity values obtained for all chimeras and wild-type constructs produced in this work. Oat spelt xylan was the most efficiently degraded substrate for all the enzymes. For the 11A enzymes, 11A-a had similar specific activities on all three substrates, which were lower than those of the XBM-containing enzymes, i.e., Xyn11A and 11A-XBM-a (which had comparable specific activities). Deletion of the XBM module may have a negative impact on its activity on these substrates, suggesting that the XBM-targeting role is important even for easily degraded substrates, like purified xylan. Interestingly, the specific activities observed for 10B-t were higher than those of wild-type Xyn10B on all substrates, so the addition of the dockerin module may have allowed better access of the catalytic module to its substrate. Xyn10B exhibited the lowest activity on beechwood xylan compared to the other substrates. The solubility properties of the xylan may thus play a role in degradation by this enzyme: the more insoluble the substrate, the more difficult for the enzyme to degrade it. The enzymatic activities of Cel5A and f-5A on a variety of cellulosic substrates were reported earlier (11) . Assays of free enzymes on hatched wheat straw. Each of the dockerin-containing enzymes and their combinations were tested for activity on hatched wheat straw (Fig. 3) . 10B-t and f-5A exhibited very weak activity on straw, whereas 11A-XBM-a showed higher levels of hydrolysis.
Synergism was demonstrated for the following combinations: 10B-t plus 11A-XBM-a, 11A-XBM-a plus f-5A, and the three enzymes together (f-5A plus 11A-XBM-a plus 10B-t), with respective activity enhancements of 1.8-, 3.1-, and 4.6-fold (compared to the theoretical total of the individual activities). Notably, synergism was observed within all the combinations containing 11A-XBM-a, suggesting that 11A-XBM-a attacks the straw substrate in such a manner that it allows the other enzymes access to their specific sites on the complex substrate.
Xyn10B proved to be less active than Xyn11A during initial degradation of the different xylans, but the enzyme seemed to contribute to the complete conversion of xylan into xylobiose, as reported earlier (34) . The same synergistic action may also occur in the degradation of a more complex substrate, like straw, which could involve divergent cleaving mechanisms and would explain why Xyn10B (or its chimeric derivative, 10B-t) cannot achieve substantial levels of degradation by itself but contributes to the reaction when combined with 11A-XBM-a.
This hypothesis could explain the synergistic activities observed for the combinations of enzymes, i.e., the two-enzyme system 11A-XBM-a plus f-5A and the three-enzyme mixture f-5A plus 11A-XBM-a plus 10B-t. Interestingly, the combination of 10B-t plus f-5A reactions did not show improved activity. Xyn10B and Cel5A (or their chimeric derivatives) may have difficulty in accessing their target substrate within the complex matrix of the straw composite and require association with an additional enzyme, such as Xyn11A, to degrade straw efficiently. The same experiment was carried out with the wildtype enzymes, and equivalent results were obtained (data not shown), indicating that the presence of dockerins in the enzymes does not substantially affect the overall actions of these enzymes on the crude substrate. Additional trials were carried out in subsequent experiments only with the enzyme combinations that showed clear synergistic activity.
Several concentrations of the enzyme combinations were tested in order to ensure that 0.3 M enzyme provided linear reactions for the given time points (data not shown). Previous results were confirmed, as the three-enzyme system Cel5A plus Xyn11A plus Xyn10B (or f-5A plus 11A-XBM-a plus 10B-t) appeared to be more effective than the enzyme pair Cel5A plus Xyn11A (or f-5A plus 11A-XBM-a), which was more effective than Xyn11A plus Xyn10B (11A-XBM-a plus 10B-t). The same trend was evident for the entire range of experimental data.
Kinetics studies also proved that the reaction was still in the linear part of the curve after 16 to 18 h of enzymatic action (data not shown).
Enzymatic assays of designer cellulosomes on hatched wheat straw. The combination of the cellulase Cel5A with the xylanase Xyn11A was examined in three different modes: (i) the free-enzyme mixture, (ii) the designer cellulosome, and (iii) the individually targeted enzyme system. Designer cellulosomes were constructed by mixing the desired dockerin-containing enzymes with the chimeric scaffoldins bearing the appropriate matching cohesins. The targeting effect was assessed by attaching the individual enzymes to a single-cohesin (CBM- VOL. 76, 2010 XYLANASES AS DESIGNER CELLULOSOME COMPONENTS 3791 containing) scaffoldin construct. The specific activities of the enzyme mixtures in each of the three modes were compared, and the results are shown in Fig. 4 . As free enzymes (cellulase Cel5A and xylanase Xyn11A), the wild-type enzymes appeared to have better specific activities than the dockerin-bearing enzymes-both f-5A plus 11A-a and f-5A plus 11A-XBM-a (Fig. 4A) . This can be explained by the cellulose-binding CBM2 in Cel5A, which targets the cellulase to the cellulose substrate, leading to more efficient degradation. The combination of f-5A plus 11A-XBM-a was also more active than f-5A plus 11A-a, suggesting that the lack of XBM has a negative influence on the capacity of the enzymes to degrade straw. The addition of the matching single-cohesinbearing CBM to the dockerin-containing enzymes improved their specific activities by returning the cellulose-targeting feature to the enzyme. In fact, in the case of the f-5A-plus-11A-XBM-a combination, the wild-type enzyme activity was almost fully recovered by restoration of the targeting function. In both cases, incorporation of the enzymes into designer cellulosomes served to increase the activity substantially. The resultant enhancement in enzyme activity can be attributed to the proximity effect between the enzymes in the designer cellulosome. Although f-5A plus 11A-a was still less efficient than the wildtype enzymes, the combination of f-5A plus 11A-XBM-a gave a 1.5-fold enhancement compared to the wild-type T. fusca enzymes, demonstrating the impact of assembling the enzymes into a designer cellulosome complex. This also suggests that the XBM in the xylanase 11A provides a major contribution to the overall degradation of the complex cellulosic substrate.
Similar results were also obtained for the combination of the two xylanases, as well as for the three-enzyme system (Fig. 4B  and C) . In the free state, wild-type enzymes always degraded straw more efficiently than the dockerin-bearing chimeras, due to the fact that in most cases, the dockerin replaces the CBM, which has an important influence (substrate targeting) on the activity. Reactions involving 11A-a showed very weak activities, demonstrating once again the crucial role of the XBM.
Connecting each enzyme to its matching single-cohesin scaf- foldin improved activity in each case, confirming the CBM effect. Furthermore, as observed in the combined Xyn11A-plus-Cel5A interaction, placing the enzymes in close proximity via the scaffoldin unit had a significant positive impact on the specific activity. Likewise, complexation of the xylanases (11A-XBM-a plus 10B-t) and the three-enzyme system (11A-XBM-a plus 10B-t plus f-5A) provided activity enhancements of approximately 1.6-and 1.5-fold, respectively, relative to the wild-type enzymes. Nevertheless, complexes including 11A-a showed markedly reduced levels of activity compared to the wild-type enzymes. Interestingly, parallel experiments using soluble and insoluble xylan as substrates showed no apparent difference between free and complexed enzymes (data not shown), reinforcing the theory that designer cellulosomes are advantageous on complex substrates relative to free enzymes (19) .
Sugar analysis. Sugar concentration and identification were performed using known concentrations of standards, and the relative amounts were calculated via integration of the identified peaks in the given samples. Combinations of free and scaffoldin-borne enzymes were applied to samples of hatched wheat straw, and the degradation products were analyzed. Various quantities of arabinose, cellobiose, xylose, and xylobiose were found in the samples (Table 2) .
In accordance with the findings shown in Fig. 3 , Xyn10B and Cel5A were essentially inactive on the wheat straw substrate. In contrast, Xyn11A alone produced significant amounts of xylobiose and xylose, as well as arabinose, but not cellobiose or glucose (Table 2) , indicating its specificity for xylan. Many xylanases exhibit residual activity toward L-arabinose due to the structural similarities between ␣-L-arabinofuranoside and ␤-D-xylopyranoside. Relatively large amounts (41.7 Ϯ 1.2 mmol/g substrate) of xylotriose were also produced by Xyn11A treatment of this substrate. When Xyn11A was included in combination with other enzymes, in either the free or cellulosomal mode, xylotriose was also produced but could not be quantified, owing to the presence of contaminating products that caused an erratic baseline in this region. The presence of Cel5A in the reaction mixtures resulted in production of significant quantities of cellobiose, which was absent in samples lacking the cellulase. Incorporation of the dockerin-containing enzyme derivatives into chimeric scaffoldins served to enhance the levels of disaccharides and arabinose at the expense of xylose.
Yield calculations. Fierobe and colleagues (19) analyzed the wheat straw composition after sulfuric acid treatment. The washed straw was found to contain 3.3 mmol of acid-extractable reducing sugars/g of dry matter, using the method of Park and Johnson (45) . Quantification of glucose by high-performance liquid chromatography (HPLC) analysis and the glucose oxidase method indicated that the substrate contained approximately 40% cellulose (2.3 mmol of glucose/g of dry matter). The content of xylose was found to be 0.8 mmol/g of dry matter, whereas the amount of arabinose was around 0.1 mmol/g. Accordingly, reaction yields after 17 h comprised about 8.2% and 9.6% for the bi-and trienzyme designer cellulosome systems, respectively (versus the corresponding yields, 4.9% and 6.3%, of the wild-type enzymes).
Disposition of the XBM. In order to examine whether the importance of the XBM resides in the structural conformation of Xyn11A or reflects the mere presence of that particular CBM in the complex, we designed a scaffoldin that would include XBM together with a dockerin. The dockerin of R. flavefaciens was attached to the N-terminal end of the XBM from Xyn11A in order to effect its physical separation from the catalytic module. Three complexes were tested to examine the extrinsic contribution of the XBM to straw degradation ( Fig.  5 ): (i) 11A-a plus 10B-t, as a negative control for an XBMlacking system; (ii) 11A-XBM-a plus 10B-t as a positive control for an XBM-containing system; and (iii) the designer cellulosome (11A-a plus 10B-t plus f-XBM). The results clearly demonstrate that the structural conformation of 11A-XBM-a is responsible for the enhancement of activity and synergism between the two enzymes. Thus, the function of the XBM is dependent on its presence in the native enzyme, since independent addition of the dockerin-fused XBM to higher-order designer cellulosomes had little or no effect on the activity on wheat straw. Both free systems and scaffoldin-bound designer cellulosome systems remained in the same range of efficiency as the 10B-t-plus-11A-a system, which did not contain XBM. a Absence of glucose was confirmed by using a glucose assay kit. Values for xylose were corroborated using a xylose assay kit. An unidentified peak, present only after enzymatic treatments, eluted at ϳ3.9 min (between the xylose and xylobiose peaks), suggesting a monosaccharide, or more likely, a modified monosaccharide. The area under the unassigned peak was larger in all designer cellulosome samples, which, together with the unmeasurable xylotriose values, may account for the discrepancies of these data with the reducing sugar assays shown in Fig. 4 .
b Scaf indicates that the designated chimeric enzymes were complexed to the scaffoldin in the designer cellulosome format. c ND, not detected.
DISCUSSION
The original concept of designer cellulosomes was presented in 1994 (5), although many years passed before its experimental verification. During the past decade, the principle of designer cellulosomes was investigated (11-13, 17-19, 40, 41) , and enhanced synergistic cooperation between the enzymes in the complex was frequently demonstrated. On the basis of these efforts, some rules have been established, such as the importance of a CBM for substrate targeting (18) , the disadvantages of more than one CBM per complex, the advantage of designer cellulosomes on complex substrates (19) , the influence of cellulosome geometry (41) , and the significance of linker length and dockerin position in enzyme design (11) .
The designer cellulosome approach is the method of choice for investigating the contributions of individual components to the overall mechanism of cellulosome action. This approach is the only confirmed way in which specific cellulosome components can be precisely incorporated into defined complexes. In previous work, designer cellulosomes were employed mainly to investigate the actions of known cellulases on different types of purified cellulosic substrates, such as amorphous cellulose, bacterial microcrystalline cellulose, and Avicel. One exception, however, involved a study of the effect of an added xylanase to the cellulase-mediated degradation of a complex cellulosic substrate (hatched wheat straw), which revealed a marked enhancement in its synergistic hydrolysis (19) . In the present work, we have extended such studies by comparing the enzymatic activities, on the same natural substrate, of xylanases with and without an added endoglucanase in the free and cellulosomal modes.
In contrast to the earlier work, in which cellulosomal enzymes were used on the wheat straw substrate, we employed enzymes from the cellulolytic aerobe T. fusca, which produces only free (noncellulosomal) enzymes. This strategy provides a defined basal level of activity of the free enzymes, and our capacity to convert these enzymes to the cellulosomal mode via inclusion of a dockerin provides a genuine basis for comparison.
Here, we focused on two different T. fusca xylanases, which were converted from the free state to the cellulosomal state by integrating divergent dockerins into recombinant enzymes. The two xylanases differed in content; one (Xyn11A) contained a family 2 xylan-binding CBM (termed XBM for the purposes of the present report), whereas the other (Xyn10B) lacked a CBM. This allowed us to assess the contribution of the XBM to the degradation of the complex substrate by the designer cellulosomes. In addition, a recombinant dockerin-containing T. fusca family 5 endoglucanase (f-5A) was included in trifunctional designer cellulosomes in order to explore the mixed interaction of the cellulase with the xylanases in the hydrolysis of the complex substrate.
It is significant that Xyn11A interacted synergistically with Xyn10B and/or Cel5A, all with attached dockerins. In contrast, Xyn10B and Cel5A exhibited little or no synergism. Interestingly, enhanced synergism was observed in all Xyn11A-containing combinations; in cases where the intrinsic XBM was maintained, an ϳ1.5-fold enzymatic activity enhancement was demonstrated in the designer cellulosome complex compared to the free wild-type enzymes. The observed enhancement in synergistic activity was due to both substrate targeting and enzyme proximity. The XBM within Xyn11A proved to contribute to efficient substrate degradation. Its ability to bind to cellulose, as well as xylan, may indeed be useful to the organism, since xylan is invariably associated with cellulose in plant cell walls. In addition, since cellulose is the definitive structural polysaccharide of the plant cell wall, it serves as a universal binding receptor for plant cell wall hydrolases (23) . Thus, the dual binding specificity of the C/XBM of Xyn11A is particularly advantageous for the enzyme in binding to natural substrates.
Clearly, the type and disposition of CBM present on this enzyme defines its contribution to designer cellulosome action. In view of our results, not only is the presence of the particular XBM of Xyn11A important to the degradation of the complex substrate, but its attachment to the enzyme appears to be essential. Indeed, the presence of XBM in the designer cellulosome enhanced synergism only when the natural modular organization of the enzyme was maintained; when the XBM was attached separately to the complex via a dockerin module, the resultant designer cellulosome failed to act in a synergistic manner. This suggests that the XBM plays a role in positioning the parent enzyme within the designer cellulosome complex in the correct orientation with respect to its substrate to achieve efficient degradation (10, 25) .
In parallel with the designer cellulosomes approach, another interesting attempt to increase enzyme synergism has been reported recently in the form of multifunctional enzyme conjugates (15, 16) . These authors observed an increase in the degradation of natural substrates upon fusing two or three complementary xylan-degrading activities (xylanase, arabinofuranosidase, and xylosidase) into the same polypeptide chain. The main advantage of this strategy compared to designer cellulosomes may be the cost-reducing component in future industrial applications. However, in contrast to designer cellulosomes, strategies involving multifunctional enzymes are lim- ited to small numbers of enzymes and restricted to suboptimal equimolar ratios of enzymes (7-9, 29, 50) . Improvement of xylanase activity has great potential for industrial applications, e.g., prebleaching of kraft pulps and recovering fermentable sugars from natural plant cell wall substrates or directly from hemicellulose (38, 47, 49, 53) . Moreover, the worldwide quest to find an alternative to fossil fuels offers major challenges, and studies of designer cellulosomes may eventually provide an approach to meet this challenge (3, 4, 6) . In this context, improved degradation of cellulosic biomass, the most abundant renewable source of carbon and energy on our planet, may lead to efficient processes for production of soluble sugars en route to biofuels with concomitant reduction in environmental pollution (27) . Understanding and improving the synergistic actions of glycoside hydrolases by means of their incorporation into designer cellulosomes could lead to future cost-effective degradation of plant-derived biomass by overcoming cellulose recalcitrance and thus abolish a major barrier to commercialization of biofuels.
